Background: Emergency Heart Failure Mortality Risk Grade (EHMRG) assesses the risk of death within 7 days of emergency department (ED) presentation for patients with acute heart failure (AHF). We aimed to externally validate and refine the EHMRG model in patients who presented to the ED with AHF. Methods: We performed a cohort study using administrative data for all ambulance-transported patients from Alberta (2012Alberta ( -2016 presenting to the ED with a primary diagnosis of AHF. Results: Among 6708 patients with AHF, the 7-day mortality was 0.0%, 0.8%, 1.6%, 4.0%, 4.2%, and 12.0% across EHMRG risk categories (1-4, 5A and 5B). The EHMRG score had a c-index of 0.73 (95% confidence interval [CI], 0.71-0.76) for 7-day mortality and 0.71 (95% CI, 0.70-0.73) for 30-day mortality, but lower c-statistics for other outcomes (0.61-0.67). The inclusion of natriuretic peptides to the EHMRG model improved prediction (Net Reclassification Improvement, 0.268; 95% CI, 0.173-0.363; P < 0.01) for 7-day mortality, as did the
Heart failure (HF) is a major public health problem, with frequent emergency department (ED) visits and hospital admissions, and increased mortality. 1 Given the high burden of acute heart failure (AHF), the paucity of effective therapies, and wide practice variation with respect to disposition, riskstratification tools for use in the ED to predict the shortterm mortality risk have been developed using cohort studies. [2] [3] [4] Despite promise, none are in widespread clinical use, and few incorporate currently available biomarkers in widespread use such as natriuretic peptides (NPs). 5 One highquality score, derived and validated in a population-based setting with good discriminative properties, is the Emergency Heart Failure Mortality Risk Grade (EHMRG), which was developed to identify a patient's 7-day mortality risk post-ED presentation. 3 However, it is unclear whether the inclusion of NPs or a commonly accepted 5-level triage tool (Canadian Triage Acuity Score) 6 would add to the score's discriminatory properties or, alternatively, more reliably predict nonfatal end points such as future ED visits or hospitalization.
The aims of this study were (1) to externally validate the EHMRG risk model using a population-based dataset of patients who presented to the ED with AHF via ambulance and (2) to potentially refine it to improve its accuracy and simplify its use in clinical practice.
Material and Methods
In this retrospective cohort study, administrative data were used to capture information on patients who accessed Emergency Medical Services (EMS) and were transported to any ED in the province of Alberta, Canada, with a discharge diagnosis of HF between April 1, 2012, and February 29, 2016. In those who had multiple ED visits during the study period, the first visit was selected as the index ED visit and the rest were excluded. Alberta has approximately 4.2 million residents, approximately 100 acute care facilities and EDs, and an annual ED volume of more than 2.3 million visits (2016 data). The study was approved by the Health Research Ethics Board of the University of Alberta.
Data sources
Anonymized data for the study were retrieved from databases described previously and maintained by Alberta Health Services. 7 These databases contain the data on all patient interactions with the health system. The databases are comprehensive and were linked by a unique lifetime identifier, unique to each patient in Alberta. Patients who had a primary ED diagnosis of HF and were linked to an EMS transport were included in this study. HF was defined by International Classification of Diseases 10th Revision (ICD-10) codes for HF (ICD-10 I50.x). The accuracy of using this ICD-10 code against chart audit has been validated in Alberta. 8 The National Ambulatory Care Reporting System (NACRS) database includes all visits to the ED in Alberta. Data from NACRS were merged with inpatient data from the hospital discharge database (Discharge Abstract Database) to identify subsequent admissions to hospital, inhospital outcomes, procedures, and other codes related to comorbid conditions, derived from previous hospitalizations. The information in these databases has been demonstrated to be highly accurate for use in the research setting. 9 Patient comorbidities were identified using the ICD-10 10 from the index ED visit and any hospitalizations or ambulatory encounters in the 2 years before the index ED HF visit.
A province-wide laboratory repository, similar to a previous study, 5 was used to retrieve the data regarding laboratory test results. The following test results were included: troponin, potassium, creatinine, B-type natriuretic peptide (BNP), and N-terminal pro B-type natriuretic peptide (NT-proBNP). For this analysis, laboratory tests were included if they occurred within 12 hours before or 48 hours after arrival to ED. On the basis of the available dataset, the majority of tests (> 90%) occurred on the same day as the ED visit.
Medication data (on metolazone use and other medications in the last 180 days before index ED visit) was collected using the Pharmaceutical Information Network database, linked by a patient's unique lifetime identifier. The Pharmaceutical Information Network database includes only medications dispensed in the community and thus does not include ED medications. For additional data regarding the heart rate, systolic blood pressure (SBP), and oxygen saturation levels, we used EMS computer-aided dispatch and the EMS ePCR system, which includes the prehospital ambulance data of patients from the first medical contact until their delivery to the destination hospital. Patient deaths were identified using the Alberta Health Care Registry, and hospitalizations and ED visits were derived from Discharge Abstract Database and NACRS, respectively.
Outcomes
The primary outcome of interest was the 7-day all-cause mortality. Other outcomes of interest included 30-day allcause mortality, 7-day and 30-day deaths, hospitalization, rehospitalization and repeat ED visits, days alive and out of hospital at 30 days, and a composite end point of 7-day and 30-day mortality/rehospitalization. Composite outcomes including death and hospitalizations or ED visits were defined as death during the index episode (ED visit for nonadmitted patients, ED visit þ hospitalization for admitted patients) or death/hospitalization/ED visit within 7 or 30 days after the end of the index episode. The outcome "hospitalizations" did not include hospital admissions associated with the index ED visit.
EHMRG risk score
We used the published point coefficients for the EHMRG Risk Score. 3 The following variables are used to calculate the EHMRG risk score: age, mode of ED presentation (ambulance vs self-presentation), SBP, heart rate, oxygen saturation, potassium concentration, creatinine concentration, troponin (greater than the upper limit of normal), presence of active cancer, and treatment with metolazone. The score reports in a range from À248 to 400þ, and cut points are À49.0, À15.8, 18.0, 56.6, and 89.4, for first to fifth risk quintiles, respectively.
Comorbidity index and Canadian Triage and Acuity Scale score
The Charlson Comorbidity Index 11 score was calculated for all patients. The Canadian Triage and Acuity Scale (CTAS) is a mandatory element in all EDs in Canada that is used to prioritize patients to be assessed by clinicians upon arrival. 6 
Statistical analysis
Patient characteristics were summarized using proportions, means (standard deviation), and medians (interquartile range) as appropriate and compared by status of death within 7 days. We measured the ability of the EHMRG risk model to risk stratify patients and discriminate between those with and without an outcome using the area under the receiver operating characteristic curve (c-statistic), including Wald 95% confidence intervals (CIs). For EHMRG validation purposes, we provided the c-statistic considering the EHMRG score as a continuous variable.
A series of refinements and modifications to the EHMRG model were tested by comparing the c-statistic as well as integrated discrimination improvement (IDI) and Net Reclassification Improvement (NRI) methods. 12 The NRI estimates the proportion of correct minus incorrect ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BNP, B-type natriuretic peptide; BP, blood pressure; COPD, chronic obstructive pulmonary disease; CTAS, Canadian Triage and Acuity Scale; ED, emergency department; EHMRG, Emergency Heart failure Mortality Risk Grade; EMS, Emergency Medical Services; IQR, interquartile range; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro B-type natriuretic peptide; SD, standard deviation. The highlighted variables are those included in the original EHMRG risk model. reclassifications using a modified EHMRG model after each modification over the original EHMRG model as a comparator for the outcomes of 7-day mortality. For EHMRG modification analyses, the predictive ability statistics were calculated using the individual EHMRG variables rather than the EHMRG score in the logistic models because otherwise appropriate weights would need to be derived.
Overall, the proportion of missing data was low for the components of the EHMRG score (< 2% for key variables), except for troponin (unknown for 12.7% of patients). Mean imputation was used for missing values to allow all patients to be included in the analysis. Sensitivity analyses were undertaken using a complete case analysis to determine substantial differences in the model statistics. The availability of NPs (BNP or NT-proBNP) was mutually exclusive (ie, patients did not have both BNP and NT-proBNP measured in the dataset), and 72.6% of patients had BNP or NT-proBNP measured. Because of the proportion of missing data and the mutually exclusive nature of these variables, the missing indicator method was used for evaluating whether the addition of NPs could improve the predictive ability of the EHMRG components. In addition, BNP and NT-proBNP were log-transformed because of the skewness and large variability of the values. All statistical analysis was conducted using SAS statistical software (version 9.4; SAS Institute, Inc, Cary, NC).
Results
The study cohort consisted of 6708 patients (Supplemental Fig. S1 ). The mean age was 80.7 years, and 3568 (53.2%) were women (Table 1) ; 82.2% were admitted to hospital from their index ED AHF visit. The median length of ED visit was 9.8 hours (interquartile range, 6.4-16.9), and those who were hospitalized had a median hospital length of stay of 8 days (interquartile range, 5-17). The study cohort included patients with a history of HF (3409, 50.8%) and patients with de novo HF (3299, 49.2%). The mean Charlson Comorbidity Index was 5.1 (standard deviation, 2.7). The mean EHMRG score was 51.4 (standard deviation, 62.6) and event rates were 5.2% for 7-day mortality, 12.7% for 30-day mortality, 18.8% for 30-day hospitalization/rehospitalization after discharge from their index hospital visit, and 27.8% of all patients had a repeat ED visit.
Clinical outcomes and model performance
As depicted in Table 2 and Figure 1 , the 7-day mortality rate was 0.0%, 0.8%, 1.6%, 4.0%, 4.2%, and 12.0% across the EHMRG risk categories (1-4, 5A and 5B) provided in the original derivation study.
3 By using quintiles driven by our data and quintile ranges provided in another study, 13 a similar increase in 7-day and 30-day mortality was observed across the EHMRG risk quintiles (Supplemental Tables S1 and S2 ; Supplemental Figs S2 and S3) . The mean days alive and out of hospital at 30 days after index ED visit ranged from 22.7 days in the first EHMRG risk quintile to 11.6 days in the 5B risk category (Table 2 and Fig. 1C ). An increase in the 7-day mortality was observed across EHMRG risk categories in those who were directly discharged from the ED and in those who were admitted to the hospital in their index ED visit. However, the EHMRG score performed better in risk stratifying patients among those who were hospitalized (Supplemental Table S3 ). The EHMRG score had a c-statistic of 0.73 (95% CI, 0.71-0.76) for 7-day mortality prediction (Table 3 , Supplemental Fig. S4 ) and 0.71 (95% CI, 0.70-0.73) for identifying patients at risk of 30-day mortality ( Supplemental Fig. S5 ). Testing the model against other clinical outcomes, including the composite of 30-day death, hospitalization, and rehospitalization, showed poorer results in terms of discriminatory power in the range of 0.61 to 0.67 (Table 3 ).
EHMRG refinement
Several scenarios to improve the discriminatory power of EHMRG model were tested, including the addition of new variables and removal of existing ones from the model. Addition of the Charlson Comorbidity Index, number of ED visits in the last 6 months, and number of hospitalization days in the prior year were shown to have no significant impact on the discriminative ability of the model (Table 4 and Supplemental Fig. S6 ).
NPs. Those who died within 7 days had higher BNP and NT-proBNP levels compared with those who lived (P < 0.001; Table 1 ). The addition of NPs (BNP or NT-proBNP) to a logistic regression model including the EHMRG score variables resulted in improved performance, as illustrated by the c-statistic increasing from 0.747 to 0.760 (P ¼ 0.007) and NRI of 0.268 (95% CI, 0.173-0.363; P < 0.0001) for predicting 7-day death.
CTAS score. The addition of the CTAS score improved the prediction of 7-day death by increasing the c-statistic from 0.747 to 0.759 (P ¼ 0.002) and an NRI of 0.111 (95% CI, 0.005-0.218; P ¼ 0.044). The addition of the CTAS to a combined model of EHMRG plus NPs resulted in further improved discriminatory performance, increasing the 
Sensitivity analysis
We repeated the analysis on complete cases without data imputation, and the results remained similar (data available upon request). For the model refinements described, all models were well calibrated as suggested by large P values in the HosmereLemeshow goodness-of-fit test (Supplemental Table S5 ). Because the c-statistics increased with an increase in the number of predictors included in the model, we measured the Akaike Information Criterion, which showed larger decreases in Akaike Information Criterion for the improved models in accordance with the c-statistic, NRI, and IDI results (Supplemental Table S5 ).
Discussion
Clinicians treating patients with AHF in the ED often need to assess the risk of future untoward events, with only a short observation period and limited available data. Our study has several findings relevant to this situation. First, we found moderate to high discriminative power for the EHMRG risk model in predicting 7-day and 30-day mortality but poorer performance in predicting the risk of 30-day death/rehospitalization/repeat ED visits. These findings highlight the need for further research to develop and refine models that can accurately predict which patients are likely to return to the ED. Second, in our study, the addition of NPs or CTAS score to the model enhanced its performance; further refinement is important for all models as new predictors become available. Finally, although the EHMRG model performs less well in the absence of troponin component, it performs acceptably in the absence of "treatment with metolazone" component. Because metolazone is uncommonly used, this variable could easily be dropped with increased sensibility and no loss in other psychometric properties.
Although most patients presenting to the ED with AHF are admitted to the hospital, approximately one third of all patients are treated and discharged home directly from the ED.
14 The proportion admitted was higher in our study (82%) because we focused only on those patients transported by ambulance. ED crowding is a growing problem, and the pressure to avoid admission of patients is intense. There is a compelling need for effective, easy-to-apply models to risk stratify patients with AHF in the ED setting.
The available AHF risk models are mostly derived from the studies that were focused on hospitalized patients, rather than ED patients. [15] [16] [17] These hospital-based models may not have the same utility in the ED setting, and thus other models have been developed. The Ottawa Heart Failure Risk Scale was derived in a small-sized sample of low-risk patients with AHF to predict 30-day death or 14 day nonfatal events (c-statistic ¼ 0.75) and requires some variables (eg, 3-minute walk test results), which may not be readily available for those trying to perform retrospective comparative effectiveness studies. 4 The STRATIFY risk model was developed from a prospective cohort of 1033 patients who presented at a few EDs in the United States with AHF and aimed to identify patients at a high risk of 30-day adverse events (eg, death, cardiopulmonary resuscitation, mechanical cardiac support, intubation, emergent dialysis, coronary revascularization, or acute coronary syndrome). The inclusion of some components in this composite end point and the unwieldy size of the model (13 variables) have raised questions about the applicability of the STRATIFY model in the risk stratification of patients with HF. Both the Ottawa Heart Failure Risk Scale and the STRATIFY decision tool were constructed in cohorts with modest sample size and need further external validation.
The EHMRG was derived and validated retrospectively in a population-based setting (12,591 patients) and reported a c-statistic of 0.81 in the derivation dataset and 0.83 in the validation cohort. Subsequently, it was explored by a group of investigators in Spain using the data of Epidemiology of Acute Heart Failure in Emergency Departments (EAHFE) study, with a c-statistic of 0.74 (95% CI, 0.68-0.79) for 7-day mortality; 18 our results are similar. Although the timeframe of 7 days was used for the development of EHMRG, other time frames (5 days, 14 days, and 30 days) and end points (rehospitalization or initial hospitalization or ED visit) have been proposed. Our study showed that the EHMRG risk score, despite being developed for the outcome of 7-day mortality, is a useful tool to identify patients at risk of death by 30 days. Nevertheless, it performed poorly in predicting other 30-day clinical events (composite of death, hospitalization for those discharged from the ED and rehospitalization for those who were admitted at the index ED visit, and repeat ED visits).
We tested the addition of NPs to the original EHMRG model. NPs were not incorporated in the EHMRG model, because the testing was not common at the time in the ED settings that were used for EHMRG risk model development. 3 Alberta has provided province-wide access to NP testing in all Alberta EDs since 2012; 5 thus, we could explore the addition of NPs. Our results show that the model has a superior performance with the incorporation of NP (eg, BNP/ NT-proBNP) results. The Ottawa Risk Score was also shown to have a slightly higher c-statistic when BNP was included in the model (c ¼ 0.77 vs 0.75), although no NRI or IDI was calculated. 4 This is a predictable and expected observation, considering the literature supporting the prognostic value of NPs in predicting outcomes in AHF. 19 In our study, the addition of CTAS, a widely used triage tool developed, endorsed, and used across Canada and internationally, 6 to the EHMRG score added to the model's discriminatory ability. The CTAS is an easy-to-use 5-level tool that determines the priority for patients needing to be seen in the ED. This improved discrimination happened both when the CTAS was added to the original model and when added to the EHMRG plus NP model. Conversely, in our study, there was no association between the use of metolazone and the 7-day mortality outcome. This is consistent with the findings of the EHMRG30-ST study, 20 in which the use of metolazone was not associated with 30-day mortality post-ED visit. However, excluding the troponin component from the EHMRG model significantly reduced its discriminatory performance. The proposal to use high-sensitivity troponins will require future revalidation as they are used more broadly in clinical practice.
With the growing volume of evidence and expanding number of risk prediction models in clinical practice each day, it becomes paramount to find and incorporate innovative approaches to keep clinicians up to speed in using the evidence and facilitating decision-making for them. Clinical decision support tools, 21, 22 electronic alerts, 23, 24 mobile apps, 25 and real-time automatic calculators connected to electronic medical records have evolved significantly with the goal of using the best evidence and improving the clinical practice for our patients and healthcare professionals, and have the potential to become an inseparable part of the future's clinical practice.
Study limitations
Some strengths and limitations are noteworthy. Our study includes data from all EDs in Alberta, which makes it more representative of the overall patient population, although our results apply only to patients arriving by ambulance. The extent to which presentation by ambulance serves as a proxy for variables already in the model (eg, age) or not accounted for (eg, socioeconomic status, social isolation) that create a propensity to use ambulance services is unknown. A small number of patients had missing values on 1 or more variables; a mean imputation method for missing values was used. A complete case analysis was performed, which confirmed the lack of a difference in model performance. We lacked the data on cause-specific deaths in this study; however, all-cause mortality remains a key metric for patients with HF.
Conclusions
The EHMRG model had a moderate discriminative performance for 7-day mortality in a cohort of patients with a primary diagnosis of AHF who arrived to the ED by ambulance. The study also explored possibilities to improve the model's prediction performance by adding new variables that are already widely available in the ED setting, such as NP level and CTAS score. Future applications of AHF ED risk scores should incorporate these findings and focus on integration and real-time automatic calculation, the use of continuous rather than dichotomized variables (eg, NPs, troponin, SBP), and the use of active integration into clinical decision making. F.A.M. had full access to all the data used for this study and takes responsibility for the analysis and interpretation.
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